The neutrophil chemoattractants generated in a model of myocardial infarction in the anesthetized rabbit were investigated. Coronary artery occlusion was followed by reperfusion for periods from 5 min to 4.5 h. Extracts of myocardial tissue in normal and post-ischemic zones were tested for C5a and interleukin-8 (IL-8) using specific radioimmunoassays. In the post-ischemic zone, imnunoreactive C5a was detected within 5 min and rose progressively to reach a plateau at 3-4.5 h. In contrast, immunoreactive IL-8 concentrations rose after a delay and were highest at the last time point tested, 4.5 h. Myeloperoxidase activity levels, an index of neutrophil accumulation, rose progressively as the concentrations of chemoattractants increased. Using cation exchange and reversed phase HPLC, immunoreactive C5a and IL-8 co-eluted with authentic standards. Fractions taken at the C5a and IL-8 peaks from reversed phase HPLC exhibited neutrophil aggregating activity which was neutralized by the respective antibody used in the radioimmunoassays. Depletion of circulating neutrophils virtually abolished immunoreactive IL-8 in the post-ischemic myocardial tissue. These observations suggest a sequential release of chemoattractants: the first, C5a is generated in interstitial fluid, followed by IL-8 generated by infiltrating neutrophils. Thus, over the time period studied, IL-8 generation would be expected to be indirectly dependent on C5a production. (J. Clin. Invest. 1995. 95:2720-2728
Introduction
Interruption of the blood supply to a tissue for longer than a critical period results in irreversible cell death. The critical period depends on the metabolic rate of the tissue and the extent of collateral blood supply. After ischemia in the human heart, there is a correlation between the amount of tissue which becomes necrotic and the prognosis of the patient (1, 2) . Salvage of the myocardium depends on early reperfusion. However, there is evidence that reperfusion itself can accelerate damage (3) and result in the death of myocytes which are reversibly injured.
Ischemia induces all the characteristics of an acute inflammatory response, of which an early neutrophil accumulation is a prominent feature. Neutrophil accumulation is markedly accelerated during reperfusion (3, 4) and early studies implicated this cell in the associated tissue damage. Thus, systemic neutrophil-depletion (5) and antibodies blocking leukocyte adhesion molecules have been shown to limit infarction (6) (7) (8) . This link between neutrophils and damage is controversial, as it has been reported in some models that agents affecting neutrophils do not influence infarction (9, 10) . However, this relationship appears to be critically dependent on the duration of ischemia (8) for a given model. The advent of clinical techniques which permit early reperfusion of ischemic myocardium has led to a renewed interest in the mechanisms involved in neutrophil accumulation and the potential of this cell as a therapeutic target. An important first step in neutrophil accumulation is the local generation of chemoattractants, chemical signals responsible for leukocyte recruitment. This paper is concerned with the identity of neutrophil chemoattractants generated in a model of myocardial infarction in the rabbit. The observations presented suggest a potentially important role for the complement fragment CSa and the cytokine, interleukin-8 (IL-8).
There is evidence to implicate the complement system in infarction. Clq and products of complement activation, e.g., C3b and CSb-9, have been detected in infarcted myocardium (11) (12) (13) and in the systemic circulation ( 14) . Moreover, agents such as cobra venom factor or soluble complement receptor-i which deplete or inactivate complement have been shown to reduce infarct size in animal models (15, 16) . Activation of the complement system results in the liberation of several soluble products, amongst which is the cleavage product of the fifth component, CSa. This fragment is a potent neutrophil chemoattractant which has been detected in the systemic circulation in man after myocardial infarction (14) . Chemotactic activity, neutralized by an anti-CSa antibody, has also been detected in cardiac lymph in a dog model (17) . In a peritonitis model in the rabbit we detected high levels of CSa in exudate (18, 19) followed, after a delay, by high levels of interleukin-8 (20, 21) and a related cytokine, melanoma growth-stimulatory activity (MGSA) (22) . The possibility of a similar relationship was investigated in the present study.
IL-8 is a potent neutrophil chemoattractant in vitro and in vivo (23) (24) (25) . Its major effects are on neutrophils, whereas other members of the chemotactic cytokine (chemokine) supergene family exhibit selectivity for other cell types (25) . A transient rise in circulating levels of IL-8 has been reported in patients during acute myocardial infraction (26) and in those undergoing cardiopulmonary bypass surgery. (27) (28) (29) . In addition, IL-8 has been detected on reperfusion of ischemic lung in the rabbit (30) .
This paper provides evidence for the sequential generation of immunoreactive and functionally active CSa and IL-8 in a rabbit model of myocardial infarction. The observations suggest a scenario which could explain the relationship between these two mediators. These findings do not contribute to the controversy surrounding the importance of the neutrophil to reperfusion injury, set in context above, but they do throw light on some of the basic mechanisms involved in the process of neutrophil accumulation in the heart.
Methods
Surgical procedure. Male and female New Zealand white rabbits (weighing 2.5-3 kg) were anesthetized using intravenous sodium pentobarbitone (45 mg/kg). The animals were artificially ventilated with room air via a tracheal cannula at positive pressure. Arterial BP was monitored continuously via a carotid artery cannula and recorded together with a lead I electrocardiogram. A left thoracotomy at the fifth intercostal space was performed on each animal, exposing the heart. A 5/0 silk ligature was placed around a branch of the left main coronary artery and occlusion achieved by passing both ends of the thread through a small length of polythene tubing and clamping under tension. Coronary artery occlusion (CAO)' was performed for 45 min in all animals, with differing reperfusion times (see below). The rabbits were killed by an overdose of sodium pentobarbitone and the hearts were immediately removed and perfused with ice-cold saline.
Preparation of heart tissue. The ligature used for occlusion was retied and monastral blue dye perfused through the ex-vivo heart allowing demarcation of the non-ischemic normal zone (NZ; dyed blue) and ischemic area at risk (AR). In some experiments a sample of tissue (0.11-0.57 grams) from each zone was immediately frozen in liquid nitrogen and stored at -200C (for myeloperoxidase assay). The remaining AR and NZ tissues were immediately homogenized separately in ice-cold 0.1% tri-fluoroacetic acid (TFA, 20 ml/gram tissue). The homogenates were centrifuged at 5,400 g for 20 (31) . As a control, eight rabbits were treated with sterile saline alone. Venous blood samples were taken before and after treatment for total and differential leukocyte counts.
Levels of myocardial tissue IL-8 and CSa were measured in five of the saline-treated animals and five of the mustine-treated animals. The remaining three animals from each group were used to measure myocardial tissue myeloperoxidase (MPO) levels (see below).
Radioimmunoassaysfor CSa and IL-8. Goat anti-rabbit C5a antiserum was generated as described previously (32) . Anti-rabbit IL-8 antiserum was generated in a similar manner by immunization of guineapigs with emulsions of synthetic rabbit IL-8 in Freund's complete and incomplete adjuvants injected subcutaneously. Rabbit CSa and IL-8 (2.5-5 sg in 20 tl 0.1 M sodium borate buffer pH 8.3) were iodinated with Na'"I (500 OCi) in tubes coated with lodogen as described previously (21 ) .
Lyophilized NZ and AR samples were dissolved in PBS at a concentration of 1 ml/gram tissue and mixed with an equal volume of 22% polyethylene glycol 6000 (PEG) containing 1% protamine sulphate (PS) to precipitate. any remaining C5 which would otherwise crossreact in the CSa assay (33) . Lyophilized HPLC fractions were dissolved in 300 Al PBS and 300 sl PEG/PS added. After lh incubation at 4°C, samples were centrifuged (5,400 g for 10 min at 4°C) and the supernatant used for assay.
The assay protocol was as described previously (18, 33) . Briefly, 100 tl of the PEG/PS supernatant, or standard (19.5-20,000 pM in 11% PEG/0.5% PS), was incubated at room temperature for 24 h together with 50 Mtl '"I-ligand (60 fmol) and 100 ul antiserum (goat anti-rabbit CSa diluted 1/1500 or guinea-pig anti-rabbit IL-8 1/6000). This was followed by the addition of 50 sl of a second antibody (donkey anti-goat IgG 1/30 or goat anti-guinea-pig IgG 1/30) and further incubation for 16 h. After addition of 1 ml PBS and immediate centrifugation (5,400 g for 10 min), the supernatants were removed and the antibody-bound radioactivity in the pellets counted. '"I-ligands and antisera were dissolved in PBS containing 0.2% gelatin, 0.5% PS and 0.02% sodium azide. In addition, 0.3% BSA was added to the buffer for '"I-IL-8 to reduce nonspecific binding (to 7.4%). The nonspecific binding for l`I-C5a was 3.5%. IL-8 (up to 20,000 pM) did not cross-react in the CSa assay nor did CSa cross-react in the IL-8 assay. Rabbit MGSA, which has been found together with CSa and IL-8 in inflammatory exudates (21) and is structurally related to IL-8 (22), did not crossreact in these assays. CSa and CSa desArg cross-reacted 100% in the CSa RIA.
Measurement ofmyeloperoxidase. Myeloperoxidase (MPO) activity was measured as described previously (8) . The frozen NZ and AR samples were homogenized in 0.02 M NaPO4 buffer (pH 4.7) containing 0.1 M NaCl and 0.015 M Na2 EDTA, and centrifuged at 20,000 g for 15 min at 4°C. The supernatant containing hemoglobin was discarded. The pellets were homogenized again in 0.05 M NaPO4 (pH 5.4) with 0.5% hexadecyltrimethylammonium bromide and freeze-thawed in liquid nitrogen three times. Homogenates were centrifuged at 20,000 g for 15 min at 4°C and the MPO-rich supernatant taken for assay. The assay was carried out by measuring the change in absorbance at 690 nm using 1.6 mM tetramethylbenzidine, 0.3 mM H202, 12% dimethyl formamide, 40% Dulbecco's PBS and 0.08 M NaPO4 (pH 5.4). One unit of MPO was defined as the quantity required to reduce 1 Mmol of H202/min.
Purification of immunoreactive rabbit IL-8 and CSa by Cation exchange HPLC. Four paired samples of AR (total weight = 3.19 grams) and NZ (total weight = 2.83 grams) tissue from animals that underwent 45 min ischemia and 4.5 h reperfusion, were subjected to homogenization and dialysis as described above. The extracts were pooled by resuspension in a total volume of 2.5 ml 10 mM NaPO4 (pH 5.5) and loaded onto Ultropac TSK HPLC columns (SWP guard, 7.5 x 75mm and 535 CM cation-exchanger, 7.5 X 150 mm in series). Proteins were eluted using a 0.15-2M NaCl gradient in 1.0 mM NaPO4 (pH 5.5) run over 60 min at a flow rate of 0.5 ml/min. Sequential 2-min fractions were collected. An aliquot (5%) of each fraction was lyophilized in preparation for RIA and the remainder stored at -20'C.
Reversed phase HPLC. Cation exchange fractions containing immunoreactive IL-8 and CSa were loaded separately onto a wide pore (300 0 A) C18 column (4 x 250mm, Vydac) in 0.1% TFA and proteins eluted using a 0-80% acetonitrile gradient in 0.1% TFA over 80 min at a flow rate of 1 ml/min. Sequential 30-s fractions were collected. An aliquot (5%) of each fraction was Iyophilized and kept for RIA and the remainder stored at -20'C.
Measurement of neutrophil aggregation. Lyophilized reversed phase HPLC fractions were resuspended in PBS (containing 0.1 mg/ml BSA) and tested for functional activity using a homotypic neutrophil aggregation assay. Neutrophils were isolated from peripheral rabbit blood using the method of Haslett et al. (34) . Briefly, blood was collected into 3.8% tri-sodium citrate and centrifuged at 300 g for 20 min producing plateletrich plasma. This was removed and centrifuged for a further 20 min at 2,000 g to produce platelet-poor plasma. Erythrocytes were sedimented out of the remaining blood with 6% dextran for 30 min. The resulting leukocyte-rich supernatant was removed and centrifuged at 275 g for 6 min to produce a leukocyte pellet which was resuspended in plateletpoor plasma and layered onto a discontinuous Percoll-plasma gradient. After Fig. 1 ), in addition to determination of IL-8 and C5a generation. Fig. 1 (Fig. 2) . We do not know (Fig. 3) . In the case of CSa, a following tail eluting in the same fraction as the desArg metabolite standard (34.5-35 min) was also observed.
Induction of neutrophil aggregation with RP-HPLC fractions. The amounts of active material available from RP-HPLC were limited, but it was possible to demonstrate functional activity in fractions containing immunoreactive CSa and IL-8 using rabbit neutrophil aggregation as the in vitro test system. Human recombinant IL-8 (hrIL-8) and rabbit CSa standards induced dose-dependent neutrophil aggregation (Fig. 4) . The HPLC fractions corresponding to the two peaks of immunoreactive CSa activity were tested separately. The first peak, retention time 33-34 min corresponding to the CSa standard, induced aggregation (Fig. 4) . In contrast, the second peak, retention time 34.5-35 min corresponding to the standard desArg metabolite, did not induce aggregation (data not shown). Fractions containing IL-8 activity (retention time 41-42.5 min) were pooled and at an estimated concentration of 1 nM consistently induced aggregation greater than that of an equal dose of the human IL-8 standard (Fig. 4) .
Addition of a guinea-pig anti-rabbit IL-8 IgG-purified antibody (which binds to human IL-8 standard) to 10 nM hrIL-8 immediately before testing resulted in a 50% inhibition of aggregation (Fig. 5 ). When added with the RP-HPLC fractions containing IL-8, almost total inhibition was seen. The antirabbit CSa IgG-purified antibody completely blocked aggregation induced by both 30 nM rabbit CSa and the RP-HPLC CSa fractions.
Effect of neutrophil depletion. Preliminary experiments using immunocytochemistry of AR tissue after 45 min CAO and 4.5 h reperfusion showed immunoreactive IL-8 associated with infiltrating leukocytes. Hence, the effect of neutrophil depletion using mustine hydrochloride on IL-8 and CSa levels was investigated. Mustine pre-treatment resulted in a significant reduction in circulating neutrophil levels 3 days later (pre-treatment: 2.45±0.60 X 106 cells/ml, post-treatment: 0.09±0.01 x 106 cells/ml, n = 8, P < 0.01) while saline treatment had no effect. The levels of myocardial tissue IL-8 and CSa after 4.5 h reperfusion were measured in five of the saline-treated animals and five of the animals depleted of circulating neutrophils. Fig. 6 b shows that neutrophil depletion virtually abolished IL-8 levels (P < 0.05) in the AR when compared to the control group. There was an apparent reduction, but no significant difference (P > 0.1), between CSa levels in mustine-treated animals and the control group (Fig. 6 a) .
The remaining three mustine-treated and saline-treated animals were used to measure myocardial tissue MPO levels. No MPO was detected (detection limit of the assay was 0.25 U MPO/gram tissue) in the AR or NZ from the neutrophil-depleted animals (Fig. 6 c) Both proteins co-eluted with authentic standards on HLPC separation and the active fractions induced rabbit neutrophil aggregation, the functional in vitro assay used in this investigation. The anti-C5a and anti-IL-8 antibodies employed in the radioimmunoassay neutralized the aggregating activity of the respective ligand standards and the co-eluting HPLC peaks.
The time-courses of appearance of C5a and IL-8 were quite distinct. Significantly elevated CSa concentrations were detected in the previously ischemic zone 5 min after the initiation of reperfusion, and reached a plateau at 3-4.5 h. In contrast, IL-8 concentrations rose slowly after a delay. IL-8 concentrations were significantly elevated at 1.5 h and were highest at the last measurement time point at 4.5 h. Interestingly, this is a similar pattern to that seen using an exogenous inflammatory stimulus, zymosan, in an experimental model of peritonitis (21) .
There is long-standing evidence for complement activation in ischemia/reperfusion in the heart (11, 13, 17) . Human heart mitochondrial membranes can bind Clq, leading to activation of complement (36) . It has been proposed that during myocardial ischemia, injured cells release subcellular constituents rich in mitochondrial membranes, which bind to Clq and thus activate Figure 2 . Cation exchange purification of C5a and IL-8 from post-ischemic AR and non-ischemic NZ rabbit myocardium, pooled from four animals, after 45 min CAO and 4.5 h reperfusion. Lyophilized AR and NZ extracts were dissolved in 10 mM NaPO4 (pH 5.5) and purified using a 0.15-2 M NaCi gradient in 10 complement (37) . Products of complement activation have been detected on myocytes, so activation appears to be predominantly extravascular, although some intravascular activation may also occur on the surface of injured endothelial cells. Activation may occur to some extent during the occlusion phase, however, this will be limited by the availability of substrate (complement components). During reperfusion, coronary microvascular permeability to proteins is elevated and this will increase the supply of complement to the extravascular space, thus facilitating C5a production. As shown in this paper, the following IL-8 production appears to be indirectly related to the first phase of complement activation.
IL-8 was originally demonstrated as a secreted product from stimulated monocytes (24) and subsequently shown to be produced by numerous cells including fibroblasts (38) , endothelial cells (39), lymphocytes (40) and neutrophils (41) (42) (43) The situation with C5a is less clear cut; neutrophil depletion apparently induced some reduction in CSa levels in the myocardium, but this was not significant. C5a induces neutrophil-dependent oedema formation (31) and the continuation of the extravascular generation of C5a is dependent on a supply of complement components, including C5, from the intravascular compartment, as previously discussed (44) . Neutrophil depletion may, therefore, also be expected to suppress C5a generation by suppressing increased coronary microvascular permeability and, as a consequence, limiting the supply of precursor C5 and other complement components. However, we have previously demonstrated that coronary microvascular plasma protein leakage, measured using '251-albumin, is not neutrophil-dependent in the rabbit model (45) showing that additional mechanisms are responsible for increased microvascular permeability in this case (e.g., the permeability is elevated because of direct injury to the endothelium or because of chemical mediators acting on endothelial receptors).
Other studies have demonstrated that drugs inhibiting arachidonic acid metabolism via the 5-lipoxygenase pathway are able to suppress neutrophil accumulation and limit infarct size (46) . Thus, leukotriene B4 (LTB4), a powerful neutrophil chemoattractant metabolized from arachidonic acid, may also (n-4) (n-3) Figure 5 . have a role in addition to IL-8 and CSa. Indeed, LTB4 has been detected in the myocardium in a rat model of myocardial infarction (47) . Another, less direct, explanation for the observed effect of 5-lipoxygenase inhibitors on neutrophil accumulation in the heart is that these compounds are able to inhibit cytokine synthesis in some cells (48 
